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In recent years, genetic techniques have been applied for the analysis of constitutive bacterial species of
the oral microbiota. To analyze a wide variety of bacterial species simultaneously, universal PCR
ampliﬁcation using primers targeting the same conserved area of 16S rRNA is commonly used.
However, because of PCR competition when using this strategy, only the DNA of the predominant
bacterial species is ampliﬁed at the expense of the DNA of the minority bacterial species. Hence, many
reports using 16S rRNA gene ampliﬁcation as the ﬁrst step have an inbuilt bias towards analyzing only
predominant organisms. In order to remove excess predominant bacterial DNA before applying PCR
ampliﬁcation, we developed a new technique ‘‘DNA deduction,’’ which allowed us to determine the
diversity of the bacterial ﬂora of the mouth, including minority species that may well have been
overlooked so far. DNA was extracted from healthy human saliva samples and the 16S rRNA gene was
PCR-ampliﬁed both before and after applying DNA deduction. Amplicons were sequenced using a 454
FLX titanium pyrosequencer. In total, we collected 264,000 sequence reads. These data included
9 phyla, 16 classes, 26 orders, 55 families, and 111 genera (OUT was deﬁned within 3% genetic
difference). Using this technique, we detected approximately 29% more types of microbes than those
detected from the same sample without using DNA deduction. From these data, we conclude that the
DNA deduction technique will lead to a better understanding of the diversity of the human oral
microbiota.
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At the start of modern microbiology, researchers isolated and
characterized highly virulent bacteria, and if possible, determined
their drug sensitivity in an effort to control diseases. Similarly in the
ﬁeld of oral bacteriology, researchers have attempted to discover the
pathogen causing caries in order to control it. However, it is nowciation for Oral Biology. Published
: þ81 52 757 6799.
amura).recognized that many bacteria do not exist in planktonic cell form,
and instead are found in polymicrobial communities in the form of
bioﬁlms. The analysis and control of bioﬁlms have become a
signiﬁcant focus of microbial research [1–3]
It is estimated that more than 700 bacterial taxa inhabit the
oral cavity and form characteristic bioﬁlms in the range of niches
present in the mouth; these include bioﬁlms on the buccal
mucosa, dorsum of the tongue, tooth surfaces, and the gingival
sulcus (subgingival) [4]. The bacterial ﬂora of the mouth also
varies according to age, diet and eating habits, and other factors
such as the degree of oral hygiene in an individual [5].by Elsevier B.V. All rights reserved.
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many types of methods have been developed, applied, and reported.
Some representative methods are listed in Table 1. The early, almost
sole reliance on culture methods has lessened in recent years with
the realization that a signiﬁcant proportion of oral species are
difﬁcult to culture or unculturable [6]. Several gene-based methods
have been developed, including PCR ampliﬁcation and random
amplicon cloning, species-speciﬁc PCR, PCR–RFLP (restriction frag-
ment length polymorphism), T-RFLP (terminal restriction fragment
length polymorphism analysis), DGGE (denaturing gradient gel
electrophoresis) analysis, checkerboard hybridization, and DNA
microarray analysis [7–14]. The most recent and powerful method,
metagenomic analysis, has also been applied for the analysis of
microbiota [15–17]. The metagenomic approach analyzes a large
quantity of relatively short sequences (approximately 100500 bp)
determined by a high-throughput next-generation sequencer. This
method potentially allows complete analysis of the entire diversity
of the oral microbiota [18].
Many genetic approaches, including metagenomic analysis,
initially use PCR ampliﬁcation to increase the sensitivity of the
method. The 16S rRNA gene is usually selected as the target gene
because it comprises both variable and conserved regions, per-
mitting the use of primers to conserved regions and more speciﬁc
primers to amplify 16S rRNA genes from any source to discrimi-
nate between taxa [19,20].Table 1
Some representative methods for detection and analysis of Microbiota.
1. Conventional methods
(A) Cultivation or direct observation by microscopy
2. Genetic methods
(A) PCR ampliﬁcation and random cloninga
(B) Species/gene-speciﬁc PCR (including quantitative PCR)
(C) PCR–RFLP (restriction fragment length polymorphism)
(D) FISH (ﬂuorescent in situ hybridization)
(E) T-RFLP (terminal restriction fragment length polymorphism)a
(F) SSCP (single strand conformation polymorphism)
(G) DGGE (denaturing gradient gel electrophoresis)a
(H) TGGE (temperature gradient gel electrophoresis)a
(I) Checkerboard hybridizationa
(J) Reverse capture hybridizationa
(K) Microarraya
(L) Metagenomic analysisa
a A PCR ampliﬁcation step is included at the early stage of the method.
SYBR Premix
16S 8F+519R
Fig. 1. Real-time PCR aNotwithstanding the widely recognized usefulness of universal
bacterial primers for simultaneous analysis of a wide variety of
bacteria in the oral microbiota, there is a fundamental pitfall to this
approach. Because universal primers bind to the same conserved
area of the 16S rRNA target population, PCR competitive inhibition
can occur, in which the DNA of the predominant (major) bacterial
species is much more likely to be ampliﬁed than DNA from bacteria
that form a minority or small proportion of the overall mixed
population. This, in theory, could lead to the complete omission of
the DNA of minority bacterial species from the analysis.
PCR competitive inhibition has been reported elsewhere [21]
and can be explained through real-time quantitative PCR. Fig. 1
shows a real-time PCR ampliﬁcation curve. The plateau effect
from attenuation or cessation of the PCR ampliﬁcation occurs
because of primer depletion or from end product inhibition due to
phosphates or duplex DNA. Therefore, if a sample initially con-
tains two species of DNA in ng and pg quantities, respectively,
then the PCR system has essentially already reached the plateau
stage even before ampliﬁcation of the lesser species takes place.
Ampliﬁcation of the DNA species present in excess (competitor
DNA) will occur at the expense of the DNA species present in
smaller amounts. It therefore follows that many reports using 16S
rRNA gene ampliﬁcation as the ﬁrst step to have likely limited the
analysis to only the majority species present. Many researchers
have pointed out and attempted to resolve the PCR bias problem,
but a fundamental solution has not been found [22–26].2. PCR deduction technique
To solve this problem our laboratory developed a new techni-
que named ‘‘DNA deduction’’ in which the excess DNA of the
majority bacterial species present in the target population is
removed and the detection of minority bacterial members of the
community is facilitated.
The outline of this new technique is depicted in Fig. 2. In the ﬁrst
step, 16S DNA PCR ampliﬁcation of the target population was
carried out using universal biotinylated primers. As discussed above,
this process led to competitive inhibition of the PCR ampliﬁcation,
with inbuilt bias towards ampliﬁcation of the DNA of the majority
bacterial species. Subsequently, a DNA hybridization reaction was
carried out between the original mixed DNA in the sample and the
ampliﬁed population of mixed, majority amplicons generated in the
ﬁrst step of the technique. The DNA of the majority species wouldPlateau (No more Amplify)
1 pg
DNA
mpliﬁcation curve.
BB
B
B
B
B
magnet
B
B
B
B
Av
Biotinylated
PCR primer
Sample DNA
Fig. 2. Principle of the DNA deduction technique. Abbreviations, B: Biotin, Av: streptavidin.
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of PCR amplicons were derived from the majority bacterial species.
After hybridization, paramagnetic streptavidin beads were added to
capture the avidin-biotinylated PCR products. This had the effect of
increasing the proportion of the DNA of the minority species in the
target DNA population.
In order to remove enough of the majority species DNA, the
hybridization step was repeated several times.
The efﬁciency of the DNA deduction technique was estimated
by quantitative real-time PCR. From 500 ng of initial sample DNA,
66 ng DNA was recovered after DNA deduction compared with
308 ng DNA from the negative control (same procedure but
without the addition of any PCR products). From this, we
estimated that approximately 75% of DNA could be removed in
a single DNA deduction step. This efﬁciency was almost the same
as the result of a magnetic capture-hybridization method
described by other researchers [27].
The advantage of the DNA deduction method was also con-
ﬁrmed by DGGE; the intensity of some major bands decreased
after DNA deduction, whereas some minor bands increased.
Furthermore, some new bands appeared after DNA deduction
[28], which we believe were derived from bacterial species that
were very much in the minority in the original sample and which
had been overlooked by DGGE analysis without prior DNA
deduction.
From these quantitative PCR and DGGE data, we concluded
that our DNA deduction technique had worked well.3. Metagenomic analysis of oral microbiota
The application of DNA deduction linked to 16S rRNA-based
metagenomic analysis to analyze the bacterial composition of
human oral (saliva) microbiota was investigated. DNA extracted
from the saliva of healthy persons was divided into two portions:
one was used directly for metagenomic analysis, without DNA
deduction, while the other portion was subject to the DNA
deduction/metagenomic analysis. PCR ampliﬁcation of the 16S
rRNA hyper variable area V1V3 was performed with the uni-
versal bacterial primers 8f and 519r, which correspond to position
8519 in Escherichia coli, as described previously [29]. This region
has previously been shown to be more informative than other
sections of the 16S rRNA gene in terms of the number of
phylotypes determined [30]. The PCR products were processed
for parallel-tagged sequencing on the Roche 454 GS FLX titanium
genome analyzer. The summary of the metagenomic analysis data
is shown in Table 2. Samples 1a and 1b were from the same
original DNA sample; 1a was analyzed by conventional metage-
nomic analysis alone, whereas 1b was analyzed using the com-
bined DNA deduction/metagenomic approach. Similarly samples
2a/2b and 3a/3b from other subjects were treated .
More than 16,000 sequence reads were collected from each
sample. Sequence lengths of more than 300 bp (500 bp) were
used for further analysis, because shorter fragments are less likely
to enable correct species identiﬁcation. A total of 264,000 reads
(average length, 374 bp) was used for species identiﬁcation.
Table 2
Summary of metagenomic analysis data.
No. Sample 1a Sample 1b Sample 2a Sample 2b Sample 3a Sample 3b
Read number 16,847 51,242 48,831 113,407 17,071 16,602
(Base number) (6,037,838) (17,665,295) (16,516,252) (40,742,138) (7,367,118) (6,903,099)
Average base length (bp) 358 345 338 359 431 415
Taxonomic rank of the identiﬁed organisms
Phylum 8 7 9 9 9 9
Class 13 15 16 16 14 15
Order 18 24 20 26 18 21
Family 28 40 37 53 30 33
Genus 51 76 64 92 47 58
Species 224 276 321 401 153 221
The sequence was determined using a Roche 454 FLX-titanum pyroseqencer. Read sequence lengths of more than 300 bp (500 bp) were used for further analysis. Species
were assigned if the read sequence showed more than 97% BLAST similarity to any approved (or registered) data. Samples 1a and 1b were from the same original DNA
sample; 1a was analyzed by conventional metagenomic analysis alone, and 1b was analyzed using the combined DNA deduction/metagenomic approach. Samples 2a/2b
and 3a/3b from other subjects were treated similarly.
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Fig. 3. Relative abundance of the sequence read number of the predominant bacterial species and other minority bacterial species. Sample numbers correspond with those
in Table 2.
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than 97% similarity by BLAST analysis to the reference sequence
using BLASTN searches [31]. The DNA deduction-treated samples
exhibited rich diversity compared to the samples that were
not subjected to DNA deduction; sample 1, 224276 species
(52 species increase); sample 2, 321401 species (80 species
increase); and sample 3, 153221 species (68 species increase).
These data mean that 2344% (average, 29%) more types of
microbes could be detected using DNA deduction in comparison
with no DNA deduction (which is equivalent to the metagenomic
analysis of ordinal data). In order to determine how much the
most predominant sequence (organism) could be reduced, we
compared the frequency of reads for sequences assigned to any of
the 10 most predominant species (Streptococcus mitis, S. salivarius,
Prevotella melaninogenica etc.). After the DNA deduction techni-
que was applied, the fraction of the 10 most predominant specieswas reduced from 58.3% to 46.8% (11.5%) in sample 1, 54.4% to
45.0% (9.4%) in sample 2, and 55.7% to 45.5% (10.2%) in
sample 3 (Fig. 3). The rate of increase in the ratio occupied by
the minority organism (other than the 10 most predominant
species) data was approximately 9.411.5%. There was less than
12% rate of increase in the number of sequence reads, but an
increase of more than 23% when the data were assigned by
species name. These data indicated that only a small number of
sequences was newly provided, and the new data comprised a
highly diverse fraction.
In summary, DNA deduction represents a useful technique that
will lead to a better understanding of the diversity and composi-
tion of the human oral microbiota. In analyses of the oral
microbiota, many researchers identify species based on 16S rRNA
sequence information [32,33]. Many new methods have been
introduced in recent years, including pyrosequencing, facilitating
Table 3
Category and principle of next-generation sequencers.
Generation First Second Third Fourth
Principle Sanger method Massive parallel sequencing using
sequential DNA, light detection
method
Single molecule real-time
sequencing
Post-light sequencing
Characteristic DNA is labeled with a ﬂuorescent dye.
DNA termination fragments are
separated by electrophoresis, and the
base sequence is determined by
measuring the ﬂuorescence intensity
of the band after electrophoresis
Using the sequential DNA
composition method with DNA
polymerase or DNA ligase, base
sequences are determined by light
detection, including ﬂuorescence
(emission of light)
Base sequences are decided in real
time by monitoring the activity of
DNA polymerase at a single
molecule level and by detecting
the reaction in every base by
ﬂuorescence
This technique does not
use nucleotide
ﬂuorescence, but base
sequences are decided
super parallelly
Fidelity Good Good Slightly many errors Good
Read length (per reaction) 300–700 bp 25–700 bp 5,000–12,000 bp 100–200 bp
Throughput 3–100 kbp/day 1 Mbp–50 Gbp/day 45–60 Mbp/run 100 Mbp/run
Representative machine or
undertaking institutes
ABIa FLX454a Paciﬁc Biosciencesa([36]) Ion torrenta([37])
Shimazua Illuminaa Mobious Biosystems Nanopore[38]
GE Healthcarea Helicosa GE Healthcare IBM
Beckmana SOLiDa Washington University Arizona State University
Alokaa Complete genomicsa Electronic biosciences
Danaher motion polonatora GenapSys
Electron optica
Osaka University
Reveo
a Commercially available.
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of good-quality sequences is required in order to construct a
precise DNA database for use in human microbiota analyses [35].
We believe that our newly developed DNA deduction technique
can contribute to the improvement of the human microbiota
database.4. Next-generation sequencers
At the end of this review, consideration of the impact of next-
generation sequencing over the so-called ﬁrst-generation sequen-
cers (ﬂuorescence polyacrylamide gel or capillary sequencer using
the Sanger sequencing method) is pertinent. First-generation
sequencers allow reads of approximately 300700 bp to be read
at a time. Next-generation sequencers are classiﬁed as second, third,
or fourth generation based on the sequencing technology used
(Table 3). The main purpose of the development of next-generation
sequence technologies is to achieve higher sequencing efﬁciency.
Because second-generation sequencers require a special reagent and
detector to perform light detection, and the quantity of the sample
sequenced per hour is not greater than that sequenced by third- and
fourth-generation sequencers, the cost becomes higher. Regarding
third-generation sequencers, the quantity sequenced per credited
hour is large enough to read base sequences at the synthesis speed
of the DNA polymerase with a template of one DNA molecule,
contributing to a lower cost. Because fourth-generation sequencers
do not perform light detection, a photosensor is not necessary; in
addition to the lower price reagents used, the apparatus would
become cheaper. These next-generation sequencers have the ability
to analyze a very large number of base sequences in a short time
and are usually called high-through put machines. In the immediate
future, it is possible that researchers may determine the DNA
sequence of all oral microbiota within a day.Conﬂict of Interest
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